In the context of Twin Higgs models, we study a simple mechanism that simultaneously generates asymmetries in the dark and visible sector through the out-of-equilibrium decay of a TeV scale particle charged under a combination of baryon and twin baryon number. We predict the dark matter to be a 5 GeV twin baryon, which is easy to achieve because of the similarity between the two confinement scales. Dark matter is metastable and can decay to three quarks, yielding indirect detection signatures. The mechanism requires the introduction of a new colored particle, typically within the reach of the LHC, of which we study the rich collider phenomenology, including prompt and displaced dijets, multi-jets, monojets and monotops. 
I. INTRODUCTION
Understanding the nature of dark matter and the origin of its abundance is a long standing problem, in the sense that we do not yet have enough observational data to distinguish alternatives. One remarkable observation is the similarity between the measured abundances of baryons and of dark matter, Ω DM 5 Ω B [1] . In many models describing the early universe, this coincidence is just an accident and these two quantities are unrelated, and obtained from different production mechanisms. However, such coincidence could be an indication of a common origin. A notable class of models addressing this possibility falls under the category of Asymmetric Dark Matter (ADM) [2] [3] [4] [5] [6] [7] (for recent reviews see [8] [9] [10] ): here, dark matter is charged under a new global conserved U (1) X and, similarly to what happens for the baryons, an asymmetry is generated between particles and anti-particles in the dark matter sector. The symmetric component is assumed to annihilate efficiently at a later time, after which the dark matter abundance is given by the remaining asymmetric component.
A common mechanism can be responsible for the generation of both asymmetries, naturally yielding n DM ∼ n B (where n i is the number density of the particle species i). This is usually done by assuming that an asymmetry is initially generated in either one (or both) sectors, and then some B-(or B −L if above the electroweak scale) and X-violating operator in thermal equilibrium transfers the baryon asymmetry into the dark matter sector, or vice versa. Once the transfer operator falls out of equilibrium, the (asymmetric) number densities n B and n DM freeze out and their ratio gives a prediction for the dark matter mass m DM . Indeed from
the coincidence Ω DM 5 Ω B becomes m DM ∼ 5 m B . It is therefore clear that ADM does not completely resolve the puzzle of coincidence of densities, and it actually translates it in a coincidence of masses. If baryons and DM are expected to belong to two different sectors, their masses would be unrelated, then why should they be so close to each other? A natural answer is to suppose DM to be composed of dark baryons, with U (1) X identified by dark baryon number and mass generated by a copy of QCD. Early realizations exploited this idea in the context of mirror world (see [11] for a review). Twin Higgs [12] [13] [14] [15] [16] models provide another natural framework to implement asymmetric dark matter and explain the coincidence of masses. This is tantalizing as Twin Higgs was originally introduced as a solution to the little Hierarchy problem, maintaining naturalness of a light Higgs boson without introducing new colored degrees of freedom (the SM Higgs is a pseudo-Goldstone boson and is protected from quadratic divergences). In the Twin Higgs mechanism the field content of the Standard Model (SM) is doubled, with additional "twin" quarks, leptons and gauge groups, resulting in a mirror sector that could very well include a stable dark matter candidate. This has been explored in recent works, e.g. [17, 18] , where it has been shown that twin baryons are a viable dark matter candidate. These works focused on the DM properties while the origin of the asymmetry itself was left as a UV problem. This approach is especially justified for Twin Higgs, as the theory requires a UV completion at a scale of 5 − 10 TeV and any high-energy baryogenesis mechanism will depend on the particular UV interactions.
Nevertheless, the baryon asymmetry might also be generated at low temperatures, well below the Twin Higgs UV cutoff. Then, we can explicitly calculate the asymmetries and all the observational consequences from the model. So far, this has not been explored. In this paper, we will describe a mechanism in which the baryon and dark asymmetries are simultaneously generated by the decay of a new Dirac singlet with a mass of O(TeV) at low temperatures. The field content is similar to (twice) the "WIMP baryogenesis" scenarios [19, 20] , with the crucial difference being the presence of Dirac fermions instead of Majorana. In the latter sense it is related to hylogenesis [21] with the main differences being the complete specification of the model via renormalizable operators and the composite nature of dark matter.
The model breaks ordinary and twin baryon numbers (B andB) but conserves B −B, such that an equal number of baryons and twin baryons populate the present universe, n B = n DM . The baryon asymmetry is generated by diagrams with twin quarks in the loop, and vice versa. Depending on the mass spectrum, the asymmetry can be generated at either one or two loops. The ratio of baryon and dark matter abundances predicts m DM 5 GeV, which can be naturally realized in Twin Higgs models. While in this work we focus on the "vanilla" Twin Higgs model with three twin generations, the mechanism works equally well for the "fraternal Twin Higgs" [22] . As a matter of fact, the mechanism is general and needs not to be related to solutions of the little hierarchy problem, although it particularly compelling that it is possible to explain baryogenesis, dark matter and naturalness of the weak scale at once.
The cosmological and phenomenological consequences of our model are also fully calculable. Because of B andB violation, dark matter is unstable and its lifetime lies in an interesting region of parameter space, around the lower bounds found from DM indirect detection experiments. In addition to the Dirac fermions, we need to introduce at least one colored scalar with a mass of O(100 GeV − TeV) in each sector, which results in multiple interesting signatures at the LHC. As such, the model presented in this paper is placed at the intersection of independent experimental probes, each pushing in complementary directions. Still, we find large viable regions of parameter space. This paper is organized in the following way: in Section II we review the Twin Higgs mechanism and briefly discuss the candidates for dark matter in the twin sector. In Section III we introduce the new degrees of freedom and compute the baryon and dark matter asymmetries, and also detail the thermal history of the universe leading to baryogenesis. We discuss the bounds on the unstable dark matter candidate in Section IV and the relevant LHC searches in Section V; here we also show the complementarity of the different experimental signatures and show detailed results for two choices for universal and hierarchical parameters. We conclude in Section VI with an outlook.
II. TWIN HIGGS FRAMEWORK AND DARK MATTER
We start by briefly describing the Twin Higgs mechanism [12, 13] , which implements the Higgs as a pseudo Goldstone boson, solving the little hierarchy problem with new uncolored particles. A complete copy of the SM content is added, including gauge symmetries 2 SU (3)× SU (2), with a Z 2 exchange symmetry between the two copies. The Higgs doublet and its copy are taken to form a fundamental of SU (4) which is assumed to be an accidental global symmetry of the Higgs potential. The global symmetry is broken to SU (3) producing 7 Goldstone bosons, 6 of which represent the longitudinal degrees of freedom of W, Z,W ,Z; the remaining one can be identified with the SM Higgs boson and it is naturally light, as the SU (4) symmetry protects its potential from quadratic contributions (here and in the following, we denote fields and couplings in the twin sector with a tilde, e.g.q is a twin quark). On the other hand, a small breaking of the Z 2 symmetry must be introduced to give a realistic theory with v < f where v is the SM Higgs vacuum value and f is the scale of breaking of the global symmetry. We expect the theory to be UV completed at a scale ∼ 4πf and so for naturalness we expect f of order TeV. The twin sector is then comprised of particles with masses larger than their SM counterparts by a factor ∼ f /v and interactions of the SM-like Higgs of the form
It is evident how the structure of the previous equation enforces cancellation of quadratic divergences. Apart from irrelevant operators this is the only interaction between the two copies involving light degrees of freedom. The value of f is bounded from below due to the effect of modification of the Higgs couplings, so that f 3v. As already mentioned, Z 2 is expected to not be fully respected and small breakings in the form of differences of couplings between the two sectors are tolerable. They however reintroduce a quadratic sensitivity to the cutoff, as such naturalness requires y t yt at percent level and bothg 2 andg 3 to be within 10% of their SM counterpart [22] . Given the smallness of the relative Yukawas, there are no bounds on Z 2 breaking for the first two generations. Indeed the first two generations of twin fermions can be omitted completely from the spectrum (referred to as the fraternal Twin Higgs [22] ). Most of our results are general and apply to both to identical and fraternal TH.
In both cases the lightest baryon, either a twin neutron/proton or a twin b baryon (bbb), is stable if twin baryon number is conserved and is expected to have a lifetime on cosmological scales if only B −B is conserved. The latter is the case we are about to study, and detailed discussion of the lifetime constraints will be presented in Section IV. The twin baryon mass is likely linked toΛ QCD and so falls naturally in the few GeV range. A largerΛ QCD naturally arises from heavier twin quarks (t andb) causing a steepening in the RGE running ofg 3 between f and v; a ten percent level mismatch between g 3 andg 3 can also significantly raise the twin confinement scale, see e.g. [17, 18, 22, 24] .
In the following, we present a minimal baryogenesis scenario having in mind that it should be implemented in the necessary UV completion of the Twin Higgs mechanism that is expected to be present at the TeV scale (for example composite twin higgs in the composite holographic Higgs framework [23, 25, 26] ). In this sense the choice of having additional particles with masses around the TeV is natural.
Since we consider a low temperature baryogenesis, below the electroweak phase transition, the twin leptons do not play any role (this is also true for the hierarchy problem). However the spectrum of light twin leptons is cosmologically important, and will be discussed in Appendix B.
III. SETUP AND ASYMMETRY GENERATION
In addition to the Twin Higgs field content, we add neutral Dirac fermions, Ψ A = (ψ A , iσ 2ψ *
A )
T and scalars φ,φ (respectively charged under the SM color and twin color gauge groups), with the following renormalizable interactions
where q i (q i ) are the (twin) quarks and i, j, k = 1, 2, 3 are flavor indices. The Dirac fermions are labeled by A = 1, 2, . . . and without loss of generality we consider only two species in the following. It is clear from the structure of the interactions that φ can either be up-like (Q φ = 2/3) or down-like (Q φ = −1/3), leaving its coupling with two quarks to be respectively
In the first case λ jk is antisymmetric under the exchange j ↔ k. In general we expect each coupling in the SM and Twin sector to be of the same order of magnitude, which also avoids introducing (radiative) Z 2 breaking. We expect this to be particularly true for third generation quarks as the top quark and twin top control the finetuning of the Higgs mass. In the following, we take the Z 2 invariant assumption of κ A =κ A , λ =λ , and m φ = mφ. While not necessary, the new states are expected to be part of the UV completion and thus to have masses at the TeV scale.
Notice that while U (1) B and U (1)B are individually explicitly broken in Eq. (3), the combination U (1) B−B is conserved by imposing charges as Q B−B (φ) = −Q B−B (φ) = 2/3 and Q B−B (Ψ A ) = −1. As mentioned in the Introduction this implies that if an asymmetry for the baryon yield (Y ∆B = (n B − nB)/s) is produced, the same asymmetry for the twin baryons (Y ∆B ) is generated, Y ∆B = Y ∆B . The observed baryon and dark matter abundances give a sharp prediction for the dark matter mass, which can be translated into predictions for the twin confining scale or twin Yukawa couplings. The corresponding phenomenology is distinctly specified, as opposed to models that predict order-of-magnitude equalities between baryon and dark matter abundances.
We note that without the Dirac mass terms M A , individual conservation of B andB is restored. Therefore, washout effects between the two sectors can be neglected if the asymmetries are produced well below the singlets mass, in the out-of-equilibrium decay of Ψ: the individual asymmetries are Y ∆B = Y ∆B = B Y Ψ , where B is the baryon asymmetry parameter, defined as
for final states f with baryon numbers Q B (f ).
Since the effective cut-off of the theory is around the TeV scale, baryogenesis happens at relatively low temperatures. To be more specific and in order to calculate the actual value of Y ∆B , we need to describe the thermal history of the Universe leading to baryogenesis. Let us now discuss the available possibilities.
A. Thermal History
In general Ψ can be produced in two ways, thermally or non-thermally, depending on the reheating temperature, T reh . We start with the simplest case of thermal production of Ψ with sufficiently T reh m A , so that at some high temperature, Ψ's are produced and in equilibrium with the thermal bath. In analogy to a metastable WIMP, their yield prior to decay is determined by freeze-out and it is maximized in the case of relativistic decoupling. In such a case, we estimate
, where g * (T ) is the number of relativistic degrees of freedom at the temperature T . Reproducing the observed baryon yield, Y ∆B 10 −10 , translates into the requirement B 10 −7 . In this case out of equilibrium decay is required in order to meet Sakharov conditions. This corresponds to decay happening after chemical decoupling of Ψ, which generically happens at temperature ∼ M A , giving the condition Γ Ψ H(M A ). Once produced, possible processes of the form φq ↔φ * q and↔can wash out the baryon asymmetry. The latter are higher order and so usually suppressed enough to be negligible, the former are Boltzmann-suppressed once the temperature drops below ∼ m φ /25. If the Ψ decay happens well below this temperature, the final baryon and twin baryon abundances are nearly preserved and washout effects can be neglected [19] .
All the previous considerations are independent of the Twin sector field content. Other constraints could apply in specific cases, for instance new (nearly) massless states could contribute to N eff or the annihilation of other possible relics and the symmetric component of DM could be inefficient. We refer the reader to the existing literature [17, 18, 24, 27, 28] . Let us mention that we can avoid most of these bounds and relax part of the assumptions on the new sector by non-thermally producing the Ψ's via the decay of a "reheaton" and a low reheating temperature, such that the twin sector is not efficiently reheated [29] . Similar ideas have appeared recently in [30, 31] . Because the SM and Twin sectors are kept in thermal equilibrium at least down to T 1 GeV by Higgs portal interactions mediated by the effective operator
we require T reh O(GeV) and m reh > M Ψ . The non-thermal yield is Y Ψ ∼ T reh /m reh 10 −3 , giving a similar upper bound as in the thermal production case. The possible contribution to N eff from Ψ decays becomes important and is discussed in Appendix B.
Tree-level and 1-loop diagrams for the decays Ψ 1 →qφ (which will be followed by φ →qq). How is the asymmetry actually generated? We are left with various possibilities even given the minimal particle content (two singlets, one scalar, one twin scalar) depending on the mass spectrum. We assume that only Ψ 1 has a significant departure from equilibrium and thus its decay is the main source of the asymmetry, with CP breaking/phases coming either at one loop if m φ < M 1 (see section III B) and at two loops if m φ > M 1 (section III C). Notice that if m φ > M 2 > M 1 it is possible for Ψ 2 to generate an asymmetry at one loop. It has been shown that a detailed description involving co-annihilations is required to correctly compute the baryon asymmetry [32] [33] [34] , so we leave this case to future work.
Conjugate diagrams contribute toΨ

B. One-loop model with
In this case, since the on-shell two body decays of Ψ 1 toqφ orqφ * are allowed, the baryon asymmetry is generated at one-loop level (see Fig. 1 ) as
The final (twin) baryon abundance is obtained after φ * (φ) decays to(qq). Note that is independent from λ. As it is from κ 1 if all the coefficients are of the same order of magnitude: indeed, we obtain
Without committing to any Ψ 1 production mechanism we can set a lower bound on assuming that it either decouples relativistically or is produced non-thermally ( > 10 −7 ), and a upper bound from perturbativity of the model parameters ( < 10 −2 ). It is therefore clear that k 2 cannot be taken too small, κ 2 > 5 × 10 −3 . On the other hand the decay width of Ψ 1 is
and, in the case of thermal production, out of equilibrium decay of Ψ 1 dictates
for all couplings of the same order of magnitude. So a hierarchy between κ 1 and κ 2 is necessary to generate the baryon asymmetry. If Ψ 1 is produced non-thermally at a low reheating temperature, there is more freedom and we can take κ 1 ∼ κ 2 . In any case, constraints on those parameters are coming from the washout effect and requiring decays before BBN, and more interestingly from dark matter lifetime and collider signatures as will be shown in Sections IV-V.
In this case, Ψ 1 is lighter than φ so that only three-body on-shell decays toorare allowed. To circumvent the Nanopoulos-Weinberg theorem [20, 35] , the asymmetry can be generated at two loops [36] as in Fig. 2 . We get
The second line of Eq. (10) is obtained for up-like φ,φ. For the down-like φ,φ, there could be additional contributions proportional to Im(κ 1;i κ * 2;kκ * 2;lκ 1;n λ jk λ * jiλ mnλ * ml ) from different contractions of fermion operators. Barring accidental cancellations all contributions are of the same order. The width of Ψ 1 is now
and so κ 1 λ 10 −5 for out-of-equilibrium decay. Again, κ 1 must be small in the thermal production scenario, and can be O(1) in the non-thermal case. In contrast with the oneloop model, ∝ O(κ 2 2 λ 2 ), so that relatively large λ's are required. Moreover because of the small numerical prefactor in , successful baryogenesis also requires M 1 0.3{m φ , M 2 }. Such small mass splitting and large couplings are the generic consequence of this type of baryogenesis. We will investigate phenomenological implications in Section V.
IV. UNSTABLE DM, INDIRECT AND DIRECT DETECTION
In the present framework, the U (1) B−B symmetry predicts equal asymmetries in our sector and in the twin sector. The lightest twin quarks hadronize into twin baryons which form the dark matter. Recalling that only U (1) B−B is conserved, a 5 GeV dark matter is unstable and decays into SM hadrons. In the Lagrangian, integrating out φ,φ and Ψ A results in the B,B violating operator
While other options are interesting and worthwhile studying, in the following we will assume the simplest, most typical scenario in which that the dark matter is composed of twin neutrons,B DM =ñ = (ũdd). Then, at a scale well below the twin EW scale, the relevant quarks for the twin neutron decay would beũ,d,s, whose masses are smaller thanΛ QCD . The effective operator after integrating out high momentum contributions can be written as
. Possible flavor violation induced by short-distance physics (exchange ofW ) is included in a new coefficient F O . Flavor violating effect become important whenκ A , andλ are too small for the first and second generation. As an example, for an up-type scalar, because ofλ ii = 0, one could not have the operatorũ(dd). Instead, we can havet(bd),c(bd), . . . which turn into the operatord(ũd) by twin W exchange at one-loop level. The magnitude of flavor violating F d(ud) will depend on the twin masses and twin CKM. Assuming Z 2 -symmetric Yukawas (which gives V CKM = V CKM ), the largest contribution to F d(ud) comes fromũ ldmdn =cbd and is
For loops involving the twin top, 3 the largest channel hasũ ldm =tb and yields F tbd d(ud) ∼ 10 −8 . Without committing ourselves to a specific twin flavor structure, we will keep F O as a free parameter and keep the above order-of-magnitude estimate in mind.
In Appendix A we present a detailed derivation of the low energy effective Lagrangian resulting from Eq. (13). The interactions relevant for DM decay, up to first order in 1/fπ, can be schematically written as
where fπ is the twin pion decay constant, with fπ = f πΛQCD /Λ QCD and f π = 130 MeV, the twin confinement scale is fixed by
are twin light mesons; the c coefficients have dimension of mass − 5 and are related to the ones of Eq. (13) by O(1) coefficients arising from the hadronic matrix elements. We refer the reader to appendix A for the explicit interaction Lagrangian, Eq. (A7), and the relevant matrix elements, Eq. (A8).
From the interaction in Eq. (15), different decay channels are possible:
•B DM → q i q j q k : decay to SM quarks lighter than the dark matter, that is, u, d, s, c. Decays with b quarks are suppressed by the presence of off-shell B mesons or baryons, all heavier than the dark matter. Each final quark energy is around or above 1 GeV, so the parton level decay rate gives a good approximation at leading order. The decay rate is
•B DM → q i q j q kMl . The decay rate to three light quarks and a twin meson will be
Compared to Γ DM →, Γ DM →qqqM has an enhancement due to m DM /fπ ∼ 7, and a phase space suppression (due to four-body vs three-body decays, and also to large final state masses). The two rates are about the same order of magnitude for similar value of F O . It is possible that decays to three quarks are flavor-suppressed while decays to twin mesons are not (e.g. for up-type φ, the three-quark decay is suppressed by F d(ud) ∼ 10 −7 while the decay with one twin kaon is not, F u(ds) = 1).
where The lifetime obtained from Eqs. (16), (17) can be written as
where it is understood that the lifetime is reduced when multiple decay channels are accessible. This estimate applies to decays to light quarks (u, 
Therefore, decays to light quarks dominate unless a huge hierarchy appears in the couplings, e.g. λ bs /λ ds 10 7 , which seems highly unnatural if these new couplings originate from the same source as known quark masses and mixings. 4 The lifetime computed from Eq. (18) is easily larger than the age of the universe, τ 0 = 4.35 × 10 17 sec, so it seems that the (unstable) twin baryon can form all of the dark matter at present times. On the other hand this is just a necessary but not sufficient condition, as dark matter decaying to hadronic final states will produce a host of indirect detection signals, including gamma rays, antiprotons, antideuterons and positrons, yielding much stronger limits on the lifetime. In the following, we use limits on gamma rays obtained from the Fermi-LAT satellite [37, 38] as they are independent from astrophysical uncertainties affecting the intergalactic propagation of charged particles. In particular, we adopt from Ref. [39] the bounds on the decay mode DM→ uū to constrain the decayB DM →q iqjqk , where the final state can involve all first-and second-generation quarks, u, d, c, s, as the gamma ray spectra are similar for both decays. At m DM = 5 GeV we take the lower limit on the DM lifetime
which can be compared to the twin baryon lifetime from Eq. (18) . It is immediately seen that small couplings are necessary to satisfy the constraints on decaying dark matter. In contrast to upper bounds from DM stability, requiring a sizable baryon asymmetry gives lower bounds. Notice that while dark matter decays only involve couplings to the first two generations, the asymmetry parameter depends on all generations. Thus, dark matter stability and a successful asymmetry generation are tightly related to each other only when additional assumptions on the flavour structure are made, e.g. flavour universal versus hierarchical couplings. Each case gives a distinct set of collider signatures that can be effectively probed at the LHC. We will study the interplay between baryogenesis, dark matter lifetime and LHC signatures in the next section.
Finally a comment is in order about direct detection. Apart from Higgs portal interactions, which are suppressed by the Yukawas, we must take into account operators of the formobtained by one-loop box diagrams involving the exchange of φ and Ψ. Their magnitude can be estimated as σ SI ∼ (10 −39 − 10 −41 )(κ 2 1 TeV/M 1 ) 4 cm 2 , and so it could be within the sensitivity of future direct detection experiments [40] . This kind of diagram also contributes to the kinetic mixing between U (1) Y and the twin hypercharge (if gauged) at three-loop level, but its effect is safe from the present constraints on milli-charged particles [41] . Finally our scenario also predicts induced nucleon decays, with proton lifetime estimated at around 10 32 years [21, 42] . The processñB → MM can also induce additional signal at direct detection experiments [43] but depends on the physics associated with the twin meson. We leave a detailed study of all the possible direct and indirect detection phenomenology to future work.
V. COLLIDER PHENOMENOLOGY
We are now ready to study the consequences at LHC. As discussed in the previous section, constraints on the dark matter lifetime force the presence of small couplings in the theory (τ DM ∝ (κλ) −4 ), while baryogenesis gives lower bounds. If the Standard Model flavor structure is to be explained by a symmetry, it is likely that the new couplings κ, λ also inherit a flavor hierarchy from the same symmetry. In a Z 2 -symmetric model, the same structure will apply to the twin sector. With this in mind and for the sake of simplicity, we will assume that the λ and κ couplings preserve the Z 2 symmetry between our sector and the twin sector, λ =λ, κ =κ. We will study two minimal benchmark scenarios:
• For m φ < M 1 , the one-loop asymmetry is proportional to κ 2 2 only: to satisfy the DM lifetime constraint, we can take the λ couplings to be small, which in turns can result in a sizable decay length of φ. For simplicity, we assume no flavor structure with couplings of similar magnitude for different flavor indices, κ A;i ∼ κ A , λ jk ∼ λ.
• For m φ > M 1 , the two-loop asymmetry is proportional to κ 2 2 λ 2 . Having a stable DM candidate compels a flavor hierarchy on the couplings, with those involved in baryogenesis required to be at least O(0.1), or larger, while the twin baryon decay rate is suppressed by smaller couplings involving first and second generations, and for example λ jkλm 0 n 0 < (10 −4 ) 2 can be sufficient to raise the DM lifetime. As benchmark points for a possible origin of the (twin) flavor structure, we will take Minimal Flavor Violation (MFV) [44] or a horizontal Abelian symmetryà la Froggatt-Nielsen [45] . We will not commit to a particular flavor model, but use those as typical examples.
In the rest of this section, we will analyze the experimental signatures and use public LHC searches to set limits on these scenarios. At the LHC, the colored scalar φ can be pairproduced via gluon fusion, gg → φφ * , as well as resonantly produced from quarks, q i q j → φ * (if λ ij is large), while direct production of the Dirac singlet Ψ 1 is negligible. The cross sections are the same as for a top squark (stop) in SUSY, while the φqq couplings mimics baryonic R-parity violation (RPV). The main experimental signatures are single and paired di-quark resonances from direct φ →qq decays, as well as four-quark resonances from cascade decays involving the Dirac singlet, φ → qΨ 1 → q(qqq) (only two-loop case). Depending on the flavor structure of the operators, some of the final states might be top quarks. Finally, when the singlet decays into twin quarks, Ψ 1 →qqq, the twin quarks leave the detector as missing energy: resonant production gives a monotop (or monojet) while pair-production gives+ / E T (again, similar to SUSY signatures). The signatures are similar to those of a right-handed stop with a bino-like (unstable) neutralino with baryonic RPV couplings λ 3jk , except for (i) decays into the twin sector resulting in missing energy and (ii) the absence of same-sign top signatures which arise from the Majorana gaugino mass. The RPV scenario was recently studied by one of the authors in Ref. [46] : here, we refer to that study for details about interpreting the experimental searches and include baryogenesis and DM lifetime to further constrain the present model.
If the decays are prompt, the relevant searches are the CMS scouting resonant dijet search [47] and the ATLAS Gaussian dijet search [48] , together with searches for paired dijet resonances [49, 50] , which exclude φ →between 200 GeV and 350 GeV, and, when combined, φ → bq between 100 GeV and 385 GeV. For pair-produced scalars decaying via Ψ 1 tottjj, we use the ATLAS four-top search [51] . These searches are all based on 20 fb Likewise, there are strong experimental limits on long-lived particles decaying to jets: we use recasted analyses [52, 53] based on 8 TeV searches [54, 55] for displaced φ decays and the recent 13 TeV search [56] for collider-stable φ's. In particular, we quote the displaced stop limits in [52] . We emphasize that the long-lived dijet signatures are common to both scenarios of up-type and down-type φ, as even a top final state would result in a b-jet, and the searches do not require the displaced jets to form a resonance.
A. One-loop model with flavor universal couplings
In this section we study the one loop flavour-universal benchmark. We rewrite the asymmetry parameter in Eq. (6) by summing over flavor indices and explicitly defining a CP phase ϕ CP ,
The LHC lifetime of the (up-type) φ scalar is cτ (φ →qq) = 1.7 mm 10
where we have summed over ij = ds, db, sb; a down-type scalar can decay into more final states, including a top, so the lifetime will be suppressed by a factor of order two. Combining Eqs. (21) and (22) . We have also set m DM = 5 GeV. The absence of a flavor hierarchy ensures that DM decays to light quarks dominate over decays via off-shell b-hadrons. At the LHC, the φ decays will be democratic, including to bottom and top quarks (if kinematically allowed).
As the dark matter lifetime heavily depends on the magnitude of the twin flavor violation parameter F, we consider separately the cases in which φ is up-type (Q φ = 2/3) or down-type (Q φ = −1/3):
• up-type φ: in this case, the three-quark dark matter decay is suppressed by a factor of (F cbd d(ud) ) 2 ∼ 10 −14 , while the decay with a twin kaon needs no flavor violation, F uds u(ds) = 1 and therefore dominates.
• down-type φ: in this case the three-quark decay rate is unsuppressed, F −3 as discussed in Section III A. Given universal flavor-violating interactions, one might worry about FCNCs: the phenomenology is again similar to that of RPV SUSY [57] , except for the automatic absence of ∆B = 1 processes such as n −n oscillation and dinucleon decay. K −K oscillation gives the strongest constraint, with |λ| 2 < 6 × 10
, that is, λ 10 −2 . On the other hand, the dark matter lifetime (23) implies λ 10 −7 , so that FCNCs are always negligible. At the LHC, the limits from paired dijet resonances are slightly weaker than in the original searches, as φ decays democratically to all quarks, thus reducing the efficiency of the searches requiring b-tagging. The CMS results for φ →still apply, while the smaller branching ratio lowers the b-tagged limits to m φ 350 GeV. Paired dijet resonances appear for both up-and down-type φ (for the latter, φ → tj decays are negligible at low masses where the limits apply).
We show the resulting constraints in Figure 3 , where for reference we have set M 1 = 1 TeV, M 2 = 10M 1 and shaded regions are excluded by different experimental signatures. From the top of the figure downward, in orange, cyan and purple we respectively show regions excluded by searches for heavy stable charged particles at 13 TeV [56] , displaced dijets at 8 TeV [54, 55] as recasted in [52] (the light shaded area reflects an O(1) variation on experimental acceptances) and prompt paired dijets at 8 TeV [49, 50] . Dashed lines saturate the DM lifetime constraints from Eq. (23), for increasingly small values of the asymmetry parameter: = 1.2 × 10 −2 corresponds to taking all couplings and phases to be O(1) in Eq. (21), while there are no limits for 10 −7 , corresponding to the upper limit on the primordial Ψ 1 abundance Y Ψ 1 10 −3 . We took κ 1 = κ 2 so that DM decays are mediated by Ψ 1 : this corresponds to baryogenesis from non-thermally produced Ψ 1 's. In the thermal case, κ 1 1 and DM decays are dominated by Ψ 2 , giving slightly weaker limits on τ DM . Sub-TeV masses for φ are mostly excluded by a combination of LHC and decaying DM searches, unless the parameters setting the baryon asymmetry are also small, e.g. κ < 10 −2 , jets are respectively shown in magenta, blue and orange for prompt [49, 50] , displaced [52] and collider-stable [56] decays. The displaced exclusions are adapted from Ref. [52] , and agrees well with Ref. [53] ; the lighter blue area corresponds to changing the acceptances up/down by 1.5. for the thermal case the constraints are slightly weaker.
for which prompt decays are still allowed at masses above 400 GeV. It will be interesting to see how 13 TeV searches for paired dijet resonances will cover this region.
B. Two-loop model with flavor hierarchy
We now turn our attention to the case M 1 < m φ , where the baryon asymmetry is generated at two loops and a hierarchy in couplings is required to stabilize the dark matter while keeping large enough. In particular, couplings involving first-and second-generation couplings (contributing to DM decays) need to be suppressed with respect to couplings involving t, b (heavier than the DM).
We rewrite the asymmetry in Eq. (6) by also defining a phase ϕ CP ,
where (IJK) are the flavor indices relevant for baryogenesis (the possibilities being q I q J q K = tbs, cbs, btb or bcb) with
for all of the Ψ 1 decay products to be on-shell. The twin quarks have mq = (f /v)m q , so we expect M 1 500 GeV if the top and twin top take part in baryogenesis, while Ψ 1 could be lighter otherwise (although it would be hard to justify an O(1) coupling involving the charm while keeping the coupling for the top perturbative). Given the upper bound on the Ψ 1 abundance, Y Ψ 1 10 −3 , we require κ Hence, a heavier singlet will be preferred.
As before, we can tie together the DM lifetime and the asymmetry parameter:
where we defined a flavor ratio, R, that takes into account the different couplings entering in DM decays (numerator) and in baryogenesis (denominator):
Here we indicated by (l 0 m 0 n 0 ) the indices of the twin operator most relevant for DM decay, by (IJK) those relevant for baryogenesis and by (ijk) the indices of the dominant SM final states in the decay. In our flavor examples (MFV and horizontal symmetries, with Z 2 -symmetric twin Yukawas), they are
• for an up-type scalar, q I q J q K = tbs, q i q j q k = cds. For dark matter decays to three quarks,q l 0q m 0q n 0 =tbs, F ∼ 10 −8 and R is 10 −5 assuming MFV, or 10 −2.5 with a horizontal symmetry. For dark matter decays with a twin kaon,q l 0q m 0q n 0 =ũds, F = 1 and R is 10 −13 or 10 −7.5 for the two flavor ansatze.
• for a down-type φ, q I q J q K = btb, q i q j q k = scs. For decays to three quarks, we can have the decay without flavor violation, F = 1 andq l 0q m 0q n 0 =dũd, which gives R = 10
assuming MFV and R = 10 −9 with a horizontal symmetry, or a flavor-violating loop factor F ∼ 10 −8 withq l 0q m 0q n 0 =btb, yielding R M F V = 10 −3.3 and R horiz. = 10 −1.3 . For decays with a twin kaon, we haveq l 0q m 0q n 0 =dũs, F = 1 and R M F V = 10 −15 and R horiz. = 10 −8 .
The potentially small factors F and R make dark matter lifetime rather dependent on the flavor dynamics: without committing to a specific flavor model, we will keep FR as an independent variable, and note that DM lifetime constrains FR 10 −10 , while keeping in mind that typical values for that quantity are between 10 −8 and 10 −12 . Therefore, reasonable flavor assumptions give values of the DM lifetime at around the experimental upper bounds.
At the LHC, in addition to QCD production via gluon fusion (again resulting in a RPV stop-like phenomenology), the resonant production channel→ φ via a large coupling λ JK is also possible. Apart from dijet resonances, the most interesting new signature is a monotop:
which arises because the Ψ 1 also decays to twin quarks: Br(Ψ 1 →qqq) ∼ Br(Ψ 1 →qqq), with some kinematic suppression if the top partner mass is near that of Ψ 1 . There are additional signatures such as gg → tt + 4j, or gg → ttt + 2j, where it could be possible to overcome the large SM tt background by requiring large b-jet multiplicities. We will not focus on those as they are not covered by existing searches. Because large couplings are required from baryogenesis, all decays are prompt, except for the thermal case where outof-equilibrium Ψ 1 decays result in displaced vertices and are excluded below approximately 1 TeV [53, 58] . For the case in which φ is down-type, there are less experimental signatures: resonant production from λ 33 tb would require an initial top quark in the proton, while QCD pairproduction can result in tj final states (paired top-jet resonances), j(tjj)j(tjj) (oppositesign tops + jets) or jj + / E T . Those signatures are much harder to distinguish from the background and we are not aware of any relevant LHC search. On the other hand, typical values of FR mentioned earlier are less suppressed than for an up-type φ, so it might be harder to satisfy the DM lifetime in Eq. (26) .
We show the combined constraints in Fig. 4 by setting κ 2;3 = 1, M 1 = 700 GeV (left) or M 1 = 1 TeV (right) and varying m φ from 200 GeV to 2 TeV. For m φ > M 1 , the asymmetry is generated at two-loop level as in Eq. (24); we also include the one-loop case of m φ < M 1 in order to show the different λ dependence between the two cases. Shaded regions are excluded by different experimental signatures: at the bottom in green, the asymmetry parameter is too small and cannot generate enough baryons (and dark matter), for each value of M 1 . Changing the Ψ 1 mass gives different phase space suppression factors. Since the twin top is expected to be heavier than 500 GeV (we have set mt = 550 GeV), we cannot ignore such suppression, and a relatively large mass of M 1 is preferred. With dashed lines, we delimit regions excluded by the DM lifetime for typical values of FR (regions above each curved dashed lines are excluded). The remaining signatures only apply to an up-type scalar: blue and magenta regions are excluded by the single and b-tagged paired dijet searches. Motivated by flavor arguments, we have assumed that the largest couplings involves q J q K = bs. Fourtop searches would be able to impose limits only below m φ 600 GeV, but in this range there are no on-shell φ → tΨ 1 decays so there are no exclusions.
At present, we cannot use the current monotop searches without performing a full recasting procedure, which is beyond the scope of this work: in particular the CMS search [59] does not show limits on s-channel produced resonances decaying to top and / E T , while the for an up-type φ, or tb for a down-type φ. For an up-type φ, the magenta and blue regions are excluded by searches for paired [49, 50] and single [47, 48] dijet resonances, while there are no LHC constraints for down-type scalars.
ATLAS search expresses their limits only for a scalar at 500 GeV, giving an upper limit on the resonant coupling equal to about 0.1. We point out that monotop limits as a function of the s−-channel mediator mass would be much more useful. We expect the limit on the monotop cross section to stay approximately constant for higher scalar masses as the signal efficiency would remain the same (or even improve). As the branching ratio Br(Ψ 1 →qqq) is easily less than O(10%) due to phase space suppression from large mt, the monotop limits should be sub-dominant with respect to the ones already presented.
In the allowed parameter space of Fig. 3 and Fig. 4 , we did not include the constraints from N eff , since it depends on the spectrum of twin light species. In appendix B, assuming that there is a gauged U (1)Ỹ in the twin sector and varying the number of light twin neutrinos, we explicitly calculate ∆N eff for each model, and overlay the new constraints on Figs. 3 and 4. The constraints are strong, pointing to heavier masses for the singlets or the need for some model-building to avoid light species in the twin sector.
VI. CONCLUSIONS
In this work, we proposed a simple model for the abundance of dark matter and baryons based on Twin Higgs models in the context of asymmetric dark matter scenarios. It is promising that this solution of the hierarchy problem naturally yields dark matter masses of the correct magnitude to form an asymmetric dark matter candidate. In particular, dark matter is composed of twin baryons, whose number density is equal to that of the baryon as a consequence of a conserved U (1) B−B . Guided by naturalness, all the relevant masses are expected to be at the (sub)-TeV scale, and the cosmological/phenomenological consequence of the model are both calculable and within experimental reach.
In our model, both baryon and twin baryon asymmetries are simultaneously generated by the decay of a singlet Dirac fermion at a low temperature well below the Twin Higgs cutoff scale. This Dirac fermion could be either thermally or non-thermally produced. We include both cases and also calculate the corresponding additional relativistic degrees of freedom contributing to N eff . An essential ingredient for baryogenesis is a new color-charged scalar, and its twin partner. Depending on the mass spectrum, the asymmetries are produced at one-or two-loop level. Because of separate violation of baryon and twin baryon number, dark matter is metastable and decay to SM hadrons mediated by Dirac fermions and new colored scalars. We have discussed the correlations among (twin) baryogenesis, dark matter indirect detection signals and collider signatures, especially focusing on the role of the new colored scalars in two benchmark scenarios. The first interesting example, without a flavor structure for the couplings, shows a correlation between the cosmological lifetime of dark matter and that of the colored scalar at colliders. In order for dark matter to be sufficiently stable, the colored scalar should be long-lived, leaving displaced vertices signatures at LHC. On the other hand, if the colored scalar decays promptly we can expect indirect signals from the dark matter decay. In another benchmark point, the baryon asymmetry is generated at two-loop level, so that flavor dependent couplings are needed to generate a sizable baryon abundance and at the same time stabilize the dark matter. Therefore large couplings and lighter spectrum correspond to interesting collider signatures, among which the resonant production of the colored scalar and monotop events.
In the absence of a light photon and leptons in the twin sector, dark matter could be a mix of twin neutrons and twin protons. As detailed in the appendix, further model-building is necessary to annihilate away the twin pions, e.g. to the SM sector before BBN, or to satisfy constraints on N eff . With the twin hypercharge present, further investigating dark sector phenomenology such as dark nucleosynthesis or dark matter self-interactions would be an interesting direction for future work.
Our mechanism could also be applied to various iterations of the TH paradigm, for example Fraternal TH, or even to models with unconfined hidden non-abelian gauge groups. However, in this case it is not clear how to naturally obtain a 5 GeV dark matter mass, or a sizable annihilation cross-section that only leaves the asymmetric component of dark matter.
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Appendix A: Twin chiral Lagrangian
Here we discuss the long-distance hadronic matrix elements for the twin neutron operator in Eq. (13) . For this we develop a chiral Lagrangian for light twin quarks, following the procedure to derive the SM chiral Lagrangian as in Refs. [42, 60, 61] . We will assume that, in similarity to the SM, the twin sector has three light twin quarks, such that the twin chiral transformation group is SU (3)L × SU (3)R. The pseudo-Goldstone bosons associated with spontaneous chiral symmetry breaking can be expressed by a 3 × 3 special unitary matrix, Σ = exp(2iM /fπ). Twin mesons and baryons are denoted by 3 × 3 matrices,
Under the SU (3)L × SU (3)R symmetry, those transform as Σ →LΣR † and B → U BU † , where U are non-linear functions ofL,R,M defined by the transformation properties of ξ = exp(iM /fπ),
For SM quarks, the parameters D and F for the axial-vector matrix elements can be extracted from semi-leptonic baryon decays, which givesD = 0.80 andF = 0.47 [62] ; we expect those to be the same in the twin sector. fπ is the twin pion decay constant, and is related to the SM quantity by fπ = f πΛQCD /Λ QCD ; the above normalization of the kinetic terms corresponds to f π = 130 MeV.
Twin quark masses are not invariant and a symmetry-breaking Lagrangian L 1 can be written, with the masses as spurions; these effects are sub-leading in this work.
We now want to find the chiral Lagrangian forB-violating interactions: microscopically, they arise from the Lagrangian in Eq. (12) , which only has right-handed twin quarksũ c ,d c ,s c . We can write the terms relevant for DM decay as L/ B ⊃ i c i (Õ i q)(qq), where we defined the operatorsÕ i ,
Here, the spinor indices are contracted within each parenthesis and α, β, γ are twin color indices. 
For now,β is an unknown prefactor of dimension mass 3 . Expanding the Lagrangian up to first order in 1/fπ and only keeping terms with the twin neutron, we find the terms relevant for dark matter decays:
Lñ ⊃βc 2 (ñq)(qq) + iβ fπ In the SM, the factor β ≡ 0|d c (u c d c )|n can be computed via lattice QCD [61] , giving β = 0.014 GeV 3 Λ 3 QCD . The matrix elements with one twin meson are given at leading order in a q 2 /m 2 n expansion, where q is the total momentum of the SM decay products; higher order corrections in the q 2 expansion are expected to give O(10%) corrections, as m 2 N q 2 < m 2 n . A full list of matrix elements for SM baryon decays can be found in Ref. [61] , and can easily be translated into twin matrix elements.
As already discussed, in comparison with the value of the SM counterparts, we expect dimensionless couplings (D, F ) to stay the same, while dimensionful ones (β, f π , m N , m Λ ) will scale by appropriate powers ofΛ QCD /Λ QCD 5: 
One the other hand, if Ψ 1 decays after decoupling, the twin sector daughter particles also contribute to the dark radiation. Here we consider a case that this energy density ∆ρ SM is greater than the background twin radiations as ∆ρ SM = Br Ψ 1 → SM M 1 n Ψ 1 (π 2g (T D )/30)T 4 D , where the twin sector is quickly thermalized at a temperatureT D . We get
and
where T D is the temperature of the SM at the time of Ψ 1 decays, and it should be greater thañ for Nν = (0, 1, 2, 3 ).
In the case of non-thermal production of Ψ 1 with a low reheating temperature, all the SM, twin SM radiations and singlets are produced by the decay of the reheaton, φ reh . The twin radiation energy density produced by direct decay of the reheaton could be suppressed by small branching fractions as Br φ reh → SM Br φ reh →SM . However, that from the singlet decay might not be suppressed because of constraint from baryon asymmetry. for Nν = (0, 1, 2, 3) .
These values should be compared to the experimental limit from Planck 2015 [1] , |∆N eff | < 0.18 (68%CL). 6 Note that for large Y Ψ 1 (and as a result large ∆N eff ), the asymmetry parameter is smaller to reproduce the observed baryon abundance, so that the ∆N eff bound roughly translates into > 10 −6 ; therefore, the two-loop baryogenesis model would be highly constrained by dark radiation. We show the resulting additional constraint (red color) on the one-loop and two-loop models in Figs. 6-7. For consistency with Fig. 3 , we showed the constraints from non-thermal Ψ 1 production, Eq. (B9).
6 A recent study [63] reduced the uncertainties on the local Hubble constant H 0 using the Hubble Space
Telescope, based on updated distance measurements of Cepheid variables in galaxies with recent type-Ia supernovae. The measured value of H 0 shows a 3 σ difference from that of Planck. The tension could be resolved if there is additional dark radiation with ∆N eff = 0.4 − 1, which can naturally be reproduced in our model. In the following, we show the constraint, ∆N eff < 0.4 (corresponding to Planck's 95%CL interval) in the plots. Limits from ∆N eff ≤ 1 would be just slightly weaker. 
